To describe the behaviour of two-phase monocrystals, we used a phenomenological model with internal variables. This model is limited to the small strains case within the mechanics of the continuous media framework, and its equations are written in the crystallographic reference axis.
I. INTRODUCTION
The γ/γ' superalloys are most advanced materials for the turbine blades of turbojets. Because of the absence of grain boundary, the γ/γ' monocrystals are model materials from the mechanical point of view.
Their complexity lies in the fact that two different phases of the same crystallographic orientation cohabit, one soft, called γ matrix, and the other one hard, called γ' phase or precipitate. The monograins of superalloys of cubic crystallography have an anisotropic elastic behaviour, characterized by three independent constants strongly varying with the temperature. The two phases γ and γ' elastic constants present a slight difference, their cell parameters are close.
The elastic modelling of the mechanical behaviour of these materials being limited, many authors have tried to model their plastic behaviour. But one primarily notes the inadequacy of a great number of mechanical studies due to the criteria of plasticity used (Von Mises, etc.), which are very insufficient criteria to describe the monocrystals' heterogeneity, their structural instability at high temperature, their anisotropy or even their viscoplastic character.
Also, we will develop elastic-viscoplastic models of the monocrystal. Within the framework of viscoplasticity, the flow is controlled by time; consequence of the effect of viscosity prohibiting the instantaneous plastic deformations, the inelastic deformation is thus dependent on the loading rate. One of the principal difficulties of the former plastic or viscoplastic models is the determination of a criterion of plasticity describing correctly the real behavior of the material. Indeed, these studies propose macroscopic criteria generally based on the quadratic criteria of Hill type /1, 2, 3/; however a quadratic form seems unrealistic for formulating a macroscopic criterion making it possible to describe the real behaviour of a monocrystal. A criterion based on a representation of the tensorial functions allowing one to describe the anisotropy induced by the plastic strain is a solution for these problems, suggested by Nouailhas /4/. The model of Chaboche /5, 6/, proposes on the other hand, a decomposition of the total strain in an elastic term and another inelastic (plastic or viscoplastic) one. The model of Contesti and Cailletaud 111 was developed within a thermodynamic framework and proposes to write the inelastic strain in two parts: a plastic part and a viscoplastic part. The interaction between plasticity and creep is described by the coupling of these two modes of strain by means of internal variables. This model rests in particular on creep and tensile tests analysis carried out on a stainless steel of the type 17-12 SPH /8/. In a simplified model (2M2C) inspired mainly by the models of Chaboche and Contesti-Cailletaud, the inelastic deformation is the sum either of two plastic strains, or of a plastic and viscoplastic ones, or of two viscoplastic strains. This model respects the thermodynamic framework and with each strain mechanism a criterion with proper state variables is associated. Provendier-Aubourg /8/ used this model to describe the N-18 alloy mechanical behaviour in viscoplasticity.
To describe the behaviour of two-phase monocrystals, we shall choose an approach introducing tensorial variables. Our model will be applied to structural analyses and established in a computer code of structural analyses by finite elements, the CASTEM code developed by the CEA. The behavior laws which we shall set up to describe the monocrystals' viscoplasticity are phenomenological, and we shall adjust them in order to be predictive within the framework of mechanics of continuous media. The equations of the behaviour law are discretized by a finite element method and are solved by an implicit algorithm. They are integrated by the Runge-Kutta method of order 4.
MODEL UNIT CELL
The finite element method requires, for a satisfactory modelling, the construction of a "standard sample" which is, as much as possible, representative of the real microstructure deduced from the microscopic observation. The microstructure of modelled material, in our study for calculations of finite elements, is
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represented by a cube (precipitate) surrounded by channels (matrix). The representative mesh is established so as to approach the best possible real morphology (rounded corner) of the single-crystal two-phase superalloys, on the one hand in term of anisotropy and on the other hand by respecting the shape and the volume fraction aspects. The periodicity of this type of material allows to limit the structure representation to an eighth of a γ' precipitate surrounded coherently in its three faces by channels forming the matrix (for a 3D mesh); the γ/γ' interfaces are aligned parallel to the {001} plans of the cube (see Figure 1 ).
In addition, we showed that at 820°C, the superalloy behaves at the beginning of deformation like a single-phase body, single and continuous from a mechanical point of view 191. Therefore, it is only around 820°C that the mesh nodes at the two phases interface may be confused.
Moreover, we applied, in linear elasticity, an error estimate technique to the calculation of the stresses in order to be able to refine correctly the mesh in the vicinity of the rounded corners of the precipitates.
Let us notice that, among the most particular stresses, not integrated in the "finite element" computer codes, one finds that due to the misfit δ; this variable will be simulated as a difference between the dilation coefficients of the two phases γ and γ', which correspond to a thermal loading of the structure. Then we proceed to the superposition to this loading of a field of tension (traction/compression) in order to evaluate the local constraints of the γ/γ' microstructure of the nickel base superalloy.
VISCOPLASTIC MODEL
To describe the behaviour of the two-phase monocrystals, we select an approach introducing tensorial variables. This type of model has the advantage and the particularity of being simple (a number limited of parameters to identify) and a great facility to be established in a finite element code. The model of Chaboche,
Table 1
Summary of the equations of the macroscopic model. initially developed for isotropic metallic materials, having been phenomenologically extended to the case of anisotropic materials with cubic symmetry /2, 10, 11/, we used this model with internal variables (framework of thermodynamics), which is limited to the case of the small strains, the equations of which are written in the crystallographic reference mark. The choice of a viscoplastic potential allows to formulate the behaviour laws in viscoplasticity. Table 1 summarizes the equations of this model. 
ESTABLISHMENT OF THE MODEL
The characteristic of the CASTEM 2000 code lies in its evolutionary structure, of toolbox type, which makes it possible to modify the source programs directly or to create new procedures. The establishment of a behaviour law requires interventions on the level of the subroutines sources on behalf of the user. The algebraic equations of the behaviour law of the model are translated and written apart in a source program.
These programs interact with each other. Three stages are necessary to the achievement of the establishment:
-definition of the new model material and of the type of finite elements formulation used : mesh, physical formulation, behaviour, type of finite elements.
-definition of the data relating to the characteristics of material, incremental nonlinear calculation.
The first two stages are necessary to the software initialization so that it is able automatically to recover the data provided by the user. The third stage corresponds to the programming of the nonlinear flow itself. A program called "PASAPAS" allows the resolution of the equilibrium equations by an algorithm of the Newton-Raphson type.
Within this framework several checks are essential to make sure of the validity of the necessary design assumptions, of a suitable development of the finite elements model, and of a determination of its parameters, and finally to make sure of the reliability of the incremental process of resolution which must be the best possible one adapted to the treatment of the behaviour laws introduced into the computer code. Another factor directly influences the course of the resolution, in fact the algorithm used which sometimes leads to considerable times of resolution and also may sometimes generate errors of convergence related to the requests. Thus the quality of the results of calculations requires checks and a good interpretation of the informations. Also, the interventions of the user, and the multiple choices which he has to make, increase the risk of errors. For a more detailed bibliography we invite the reader to look at references /13, 14, 15/. In addition, the post-processor of a computer code by finite elements (such as CASTEM) has functionalities allowing the user to carry out checks of the results.
IDENTIFICATION OF THE COEFFICIENTS
Generally the identification of the parameters of a behaviour law, for finite elements simulations, is based primarily on an experimental base resulting generally from various tests of cyclic work hardening on samples. These tests allow one to establish stress-strain loops for one or more temperatures at an adequate speed of strain. For a sample of a monocrystal of superalloy the experimental cyclic tests lead to a stabilization of the macroscopic answer after two or three cycles. We thus based ourselves on coefficients which made the object of an experimental study carried out by Nouailhas et al. /10/ and Espie /16/.
Relations binding the coefficients of the two models allow one to obtain, starting from the values found by Espie, a set of coefficients which we checked; we then adjusted them on our model by respecting all the physical aspects relating to each coefficient. It is then possible to establish the relations between material constants which allow the models to behave identically, along <001> and <111> orientations. Finally the coefficients of the macroscopic model are obtained from the data on these two directions.
The set of coefficients which we have determined is then introduced into the data file of CASTEM code in order to check their reliability by a simulation of monotonous traction diagram with ε = 2%, on a simple element of volume. This checking is established thanks to the behaviour of the matrix because we dispose only of its experimental tensile test σ 33 = f (ε 33 ). The coefficients which characterize the viscosity of the monocrystal contribute well to a good description of the mechanical response at the temperature of 950°C.
Anisotropic elastic constants of the monocrystal appear in Table 2 for the phases γ and γ', and the viscoplastic constants for the matrix γ are given in table 3.
PRELIMINARY RESULTS
We point out that for the face centered cubic structures the Von Mises criterion, criterion of the distortion energy, is physically justified. The equivalent Von Mises stresses are calculated by our model of finite elements in both phases, in isotropic and anisotropic elasticity. The calculated Von Mises stresses reach, in the γ phase, levels higher than the yield stress and thus let us think that the matrix channels will plasticize well before the precipitates and that one may speak about a beginning of mechanism of plasticity with an elastic model. However, one of the characteristics of the superalloys is that they can preserve, at high 
temperature, high levels of internal stresses, because of their singular microstructure. As the threshold reached by the Von Mises stress does not enable us to prejudge more than the material plasticization, we have chosen a viscoplastic modelling.
Initially we study the internal stresses influence due to the misfit. The modelling of these stresses is obtained by a simulation of the temperature field variation. In the next part, we model the behaviour of the monocrystal in simple traction.
The single-crystal superalloys have characteristics which evolve versus temperature, also a simulation with coefficients depending on temperature is essential. These calculations enabled us to join together a number of data on the part which the misfit plays on the stress fields. However this information is insufficient to conclude on the misfit influence on the two-phase monocrystal behaviour.
INTERFACE COHERENCY STRESSES
Indeed, in the experimental literature (electron microscopy, tensile tests, etc.), the role of the stresses related to the misfit on the ulterior mechanical behaviour is seldom evoked and it is neglected in the literature treating of modellings (FEM, etc.), whereas they condition a priori the initial state preliminary to the stresses on the γ/γ' two-phase superalloy sample and thus the response to these stresses.
We think, therefore, that it is judicious to make a comparative study of various calculations, some carried out without contribution of the internal stresses, the others taking into account a state of initial stresses. We develop this in the following section.
THE INFLUENCE OF MISFIT STRESSES
As described previously, we consider that at the temperature T nc of 820°C, the matrix and the precipitate are without internal stress /9/, and we have calculated the misfit stresses at 950°C. We consider that these misfit stresses constitute the initial state of stress before traction. We carry out two types of simulation. 
First simulation:
The calculations carried out in this first part introduce the initial stresses due to the misfit. In the calculation where one takes account of the misfit stresses, the viscoplastic model is used with coefficients which evolve according to the temperature in order to carry out its correct implementation. This kind of calculation is rather delicate insofar as, if one does not control the introduction of the initial conditions perfectly, all the results will be distorted.
The nonlinear solution is done by calling upon a standard incremental calculation "pasapas" allowing estimation of the misfit stresses. This solution is done in two parts: the stresses obtained with the last step of calculation simulating the internal stresses will correspond then in an initial state of stress with the continuation of calculation where only the loading object will have evolved.
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In order to evaluate the importance of misfit on the two-phase alloy behaviour, the calculation results are compared with those where one considers the two phases without internal stresses before any mechanical action (second part). In both cases one imposes a displacement along to the [001] axis until a 2% strain is attained on the higher face of the mesh representative of the γ/γ' structure.
Second simulation:
This second type of modelling assumes that the initial state of the phases is free of internal stresses before any mechanical action. The various constants are given at 950°C. An incremental calculation "pasapas'" allows the solution of the nonlinear problem.
Results obtained without any initial stress are presented in Figure 4 .
In conclusion, the comparison of the curves obtained by the two simulations shows that taking into account the internal stresses in the model makes very little difference to the forecasts of calculations; from this we deduce a weak influence of these stresses. That may justify that in the few modelings existing in the literature, the effect of these stresses has been neglected. 
ISOTHERMAL MONOTONOUS TRACTION
The second type of modeling assumes that the initial state of the phases is free of any stress before any mechanical action. The various constants are given at 950°C. An incremental calculation "pasapas" allows still the solution of the nonlinear problem. We have thus chosen to model AMI alloy at the temperature of 950°C. This choice is justified by the interest of this temperature; the effects of viscosity appear indeed but not as much as at high temperature. 950°C is a temperature of transition for the two-phase alloy (950°C corresponds to a zone of γ' precipitation, some precipitates are sheared, but the majority remain virgin). A modelling in which the matrix was viscoplastic and the precipitate was elastic, being proven insufficient, we will implement a second modelling where both phases are viscoplastic.
γ elastic-viscoplastic and γ' elastic
Initially we carry out calculations with an anisotropic viscoplastic law for the matrix and an elastic precipitate. At high temperature the choioe of the elastic character of the precipitate is reasonable. For reasons of cubic symmetry, only three cubic coefficients represent the anisotropy as well of matrix as of precipitate and the coefficients of the behaviour law of the matrix are presented in Table 5 . These coefficients characterize cubic as well as octahedral slip systems.
The results of these calculations, which correspond to the stress-strain curve ( Figure 5 ), are then compared with the experimental results of the two-phase material. We note a partial discordance between the simulated and the experimental curves. The model characterizes well the elastic range of the two-phase material but it does not restore suitably the awaited behaviour of the matrix. This is undoubtedly due to the elastic behaviour of the precipitate, which prevents the saturation of the work hardening of the two-phase material: the matrix is probably not completely hardened. One can thus explain the divergence between the representation and the experimentally analyzed behaviour. This result shows well that the precipitate seems to play a significant role during the plastic flow and that the elastic modelling of the precipitate is not sufficient. We thus propose in what follows to plasticize the precipitate according to a elastic-viscoplastic behaviour with a standard law of the same type as that used for the matrix.
γ and γ' elastic-viscoplastic
The various simulations met in the literature consider that the precipitate has an elastic behaviour at high temperature. Although the plasticization of the precipitate is always a subject of controversy, experimental studies justifying this fact to some extent, we will in what follows plasticize the precipitate.
We have taken the same coefficients of the behaviour law for the matrix as in the preceding case. 
Subsequently, we tested several sets of coefficients, then integrated for the precipitate a behaviour law of the same type as that of the matrix, in code F.E. The coefficients selected are reported in Table 6 .
Analysis of stress-strain curve
To analyze the result, we divided the stress-strain curve presented in Figure 6 into three zones :
-the first zone represents the elastic range which is correctly described by the simulation, and the experimental and simulated curves are in agreement in this zone.
-the second zone describes work hardening : simulation shows that the fact of plasticizing the precipitate makes possible to reach the anticipated saturation of the stress. The experimental and simulated curves seem very close. However this zone is strongly influenced by an "intermediate" zone located between the two first ones. -the third zone, named "intermediate zone", shows that the simulated curve deviates at this stage from the experimental one. The level of stress is low compared to that obtained by experiment and simulated curve is less "stiff than the experimental one. This can be explained by a plasticization of the matrix at too low levels of stress.
To cure this, we put two questions. Would the macroscopic answer be strongly sensitive to the smoothness of the mesh? To answer this first question we have studied several meshes, from the coarsest to the most refined. On the stress-strain curve of Figure 7 , carried out in imposed displacement until a 2% strain, we have traced σ 33 = f (ε 33 ) for a structure represented by a coarse mesh, then by a more refined one.
This curve shows that the macroscopic response of a two-phase single-crystal alloy is far from sensitive to the fineness of the mesh. The privileged mesh must be then of an average fineness requiring an optimum computing time.
We then wondered: in our model, did the matrix start to plasticize later than what is foreseen from critical cission given by experiment ? All the interest is now focused on the adequacy of the model with the critical cission. 
Critical cission influence
R 0 is one of the terms referring to the critical cission, and the only one which, according to our tests, has a notable influence on the curve. We have thus varied in the growing direction the value of R 0 , initial size of the elastic range. From the best preceding simulation R n = 113 MPa, we thus determined the new value allowing to approach the curve, that is to say 214 MPa. The result of the simulation is illustrated in Figure 8 : of the precipitate on the plastic flow. We then propose to adjust as well as possible the coefficients of the behaviour law of the precipitate until an adequate simulated curve is obtained. After checking, the only coefficient allowing modification of the shape of the curve is the precipitate's R 0 . A light reduction in its value allows one to rectify the curve ( Figure 9 ). The variations of R 0 correspond in fact to modifications in isotropic hardening; a hardening of the matrix fine channels follows from there. The description of the behaviour in traction up to a 2% strain, by the macroscopic model, is correct, but all the same some limitations of this model are noted. We recapitulate the stages undertaken in Figure 10 .
Stresses and strains
The these channels, the cubic slip is activated in a rather intense way. The stresses in the channels parallel with this axis are lower than those obtained in the horizontal channels, and are estimated at approximately 780
MPa. Just like the stress state, the state of plastic strain is very heterogeneous, which is still in agreement with the experimental data. The stresses are less high in the neighbourhood of the interfaces except in the precipitate corner where one finds a level that is rather high.
Discussion
In order for the model to restore the behaviour of the two-phase material correctly, one needs a compromise between the behaviour of its two constitutive phases: our calculations highlighted this fact.
Indeed, the experimental literature shows that the matrix taken as an isolated material does not behave as in the two-phase material (slip systems). All this shows that it is necessary to take into account the role of the γ/γ' interface and the phenomena of which it is the seat. Although the influence of the internal stresses, in the precise cases of a traction of 2%, is weak in a modelling, the fact of neglecting their contribution in calculations is not without importance. The analysis of the literature shows that these stresses have consequences on the thermodynamic equilibrium of the phases, on the formation of the microstructures and on the macroscopic mechanical behaviour of materials.
CONCLUSION
In our modelling, we have taken into account the superalloy morphology and structure of the superalloy.
We showed the small influence of the misfit stresses on the viscoplastic behaviour. We showed the influence Finally the model used appears reasonably well adapted for the modelling of superalloy behaviour and its considered generalization, through the use of the mediums of Cosserat, should in the future be even more powerful.
To conclude, we think, that, by overstepping the limits of the superalloys, this type of study could naturally be carried out on multiphase materials having a relatively periodic structure from the point of view of morphology and of crystallography.
